Introduction
Mitochondria are the major energetic sites of the cell, producing energy (ATP) through oxidative phosphorylation (OXPHOS). Mitochondrial OXPHOS is controlled by both mitochondrial DNA (mtDNA) and nuclear genomic DNA (gDNA). Mitochondria also perform a central role in many cellular processes including apoptosis, aging and oxidative metabolism. 1, 2 Mitochondrial function varies between different tissues. Tissues with high energy usage, including the brain, heart and muscle, contain a large number of mitochondria, allowing them to be more susceptible to a reduction in aerobic metabolism. Injury to the mitochondrial electron transport chain (ETC) or mutations of mtDNA leading to mitochondrial dysfunction have recently been suggested as an important factor in the pathogenesis of *Correspondence to: Sheroy Minocherhomji and Keshav K. Singh; Email: sheroy@sund.ku.dk and kksingh@uab.edu Submitted: 01/12/12; Accepted: 01/31/12 http://dx.doi.org /10.4161/epi.19547 Most pathogenic mitochondrial DNA (mtDNA) mutations induce defects in mitochondrial oxidative phosphorylation (OXPHOS). However, phenotypic effects of these mutations show a large degree of variation depending on the tissue affected. These differences are difficult to reconcile with OXPHOS as the sole pathogenic factor suggesting that additional mechanisms contribute to the lack of genotype and clinical phenotype correlationship. An increasing number of studies have identified a possible effect on the epigenetic landscape of the nuclear genome as a consequence of mitochondrial dysfunction. in particular, these studies demonstrate reversible or irreversible changes in genomic DNA methylation profiles of the nuclear genome. Here we review how mitochondria damage checkpoint (mitocheckpoint) induces epigenetic changes in the nucleus. Persistent pathogenic mutations in mtDNA may also lead to epigenetic changes causing genomic instability in the nuclear genome. we propose that "mitocheckpoint" mediated epigenetic and genetic changes may play key roles in phenotypic variation related to mitochondrial diseases or host of human diseases in which mitochondrial defect plays aprimary role.
Mitochondrial regulation of epigenetics and its role in human diseases
Keywords: DNA methylation, mitocheckpoint, OXPHOS, mitochondria, epigenome, epigenetics mitochondrial diseases, aging, cancer and a range of other human disorders. [1] [2] [3] Most pathogenic mtDNA mutations induce defects in mitochondrial OXPHOS and thereby ATP synthesis. However, a large degree of phenotypic variation has been observed and associated with different mtDNA mutations. These are difficult to reconcile with OXPHOS defects as the sole pathogenic factor, implying that additional mechanisms must contribute to the phenotype, including epigenetic modifications. Here we review epigenetic and genetic factors associated with regulation of the mitochondrial and nuclear genomes with a particular emphasis on cancer. Epigenetic modifications or mechanisms have been recognized as important factors regulating gene expression. Three broad categories of epigenetic modifications include genomic DNA methylation, post translational modification of histone tails within higher order chromatin and regulation of gene expression by non-coding RNAs (ncRNAs). 4 Perturbed epigenetic mechanisms have been associated with a variety of human pathologies but their role in pathogenesis of mitochondrial diseases is unclear. The importance of the epigenome in the pathogenesis of mitochondrial diseases is likely to be as significant as any other human disease where epigenetic mechanisms are affected. Recent cancer studies identifying defects in the mitochondria have led to the discovery that mitochondrial dysfunction induces or is associated with epigenetic alteration within the nuclear genome, which could contribute to the perplexing complexity associated with mitochondrial diseases. 5, 6 The Mitochondrial Genome
The number of mitochondria within a particular cell varies from tissue to tissue. mtDNA represents less than 1% of total cellular DNA. However, its mitochondrial gene products are essential for normal cellular function. mtDNA within a single cell generally have identical sequences, which are described as homoplasmic. Heteroplasmy, or different mtDNA sequences within mitochondria of the same cell, can occur in response to somatic mutations. 7 Since there could be over a thousand copies of mtDNA within a single cell, mitochondrial pathologies usually arise after a minimal threshold of heteroplasmy has been reached. That threshold is apparently different for different tissues and is dependent upon energetic and other mitochondrial functions. review review polymorphisms increase breast cancer risk. In contrast, T3197C and G13708A polymorphisms were found to decrease breast cancer risk. Wang et al. 29 evaluated polymorphisms in mtDNA associated with increased risk of pancreatic cancer in Caucasians, but found no significant associations with pancreatic cancer.
The 10398A allele localized in the NADH dehydrogenase-3 locus (ND3) of mtDNA has been associated with an increased risk of invasive breast cancer in African-American women. 30, 31 Similarly, the 10398A mutation is also associated with breast and esophageal cancer in Indian women, whereas 10398G has been shown to increase the risk of breast cancer in European-American women. 28, 32 Germ line mutations such as G10398A G9055GA, T16519C, G13708A, T3197C and A10398G result in increased susceptibility to breast cancer in women. 28, 30 Using a cybrid based approach Kulawiec et al. 12 analyzed the tumorigenic potential of the 10398A mutation (identified in African-American woman) and found that it induces complex I activity resulting in increased ROS production. 12 The 10398A mutation also conferred resistance to apoptosis mediated by Akt activation. Additionally, the study demonstrated that the G10398A polymorphism leads to increased tumorigenesis and metastases in mice. 12 A summary of mtDNA mutations associated with cancers is described in Table 1 .
The Mammalian Nuclear and Mitochondrial Epigenomes
In addition to mtDNA mutations, recent studies have also provided valuable insight into epigenetic modifications associated with the regulation of the mitochondrial and nuclear genomes relative to mitochondrial dysfunction and disease. 5, 33, 34 Epigenetic modifications are known to regulate gene expression either in a permanent or transient manner. 35 These epigenetic mechanisms that alter the rate of gene expression without actually changing the physical sequence of nuclear encoded genomic DNA are categorized into three broad groups. 36, 37 Epigenetic modifications within the mammalian nuclear genome include DNA methylation (5-mC) or hydroxymethylation (5-hmC), 38, 39 at the carbon five position of cytosine residues juxtaposed to a guanine base (termed CpG dinucleotides), covalent histone modifications of N-terminal tails of the core nucleosome octamer (two H3, H4, H2A and H2B) and small/long non-coding RNA (ncRNA) regulation of gene expression. 37,40-44 5-hmC has been associated with an increased presence in mammalian brain, particularly in Purkinjee cells. The function of this epigenetic modification and possible occurrence in other tissues is under intensive investigation, 45, 46 including roles the Tet1 family of proteins might have in addition to their catalytic and demethylating activities and association with Polycomb-mediated gene repression and H3K27me3 occupancy. 46, 47 In addition to mtDNA mutations and polymorphisms, epigenetic regulation of mtDNA by nuclear encoded proteins is unclear. Mammalian mitochondria have recently been identified to have mitochondrial DNA methyltransferase 1 (mtDNMT1) activity, 5-mC and 5-hmC. 33 Shock et al. identified translocation of nuclear DNMT1 to the mitochondrial matrix is regulated by expression of a conserved mitochondria The human mitochondrial genome is a 16.6 kb circular DNA encoding for 13 proteins in the ETC and the displacement loop (D-Loop), as well as two rRNAs (rRNAs) and 22 tRNAs (tRNAs) necessary for the translation of mitochondrial genes. 1, 8, 9 The D-loop is a non-coding region within mtDNA (np 16024-516) contains cis-acting regulatory elements that are required for replication and transcription of mtDNA. All other mitochondrial proteins, including those involved in the replication, transcription and translation of mtDNA, are nuclearencoded. Nuclear-encoded proteins are imported by specialized protein complexes on the inner and outer mitochondrial membrane. 10 Mammalian mtDNA contains no introns and lacks histones.
Role of mtDNA in the Pathogenesis of Mitochondrial Dysfunction in Cancer
Inherited mutations in mtDNA as well as depletion of mtDNA content have been reported in a variety of diseases, 11 including cancer. 12 Mutations in mtDNA, involving somatic mutations as well depletion in mtDNA content are also associated with development of tumors. Interestingly, these somatic mutations within the D-loop region have been identified in a number of tumors. 13, 14 Since the D-Loop region contains regulatory elements involved in mtDNA replication, it could affect mtDNA copy number. Indeed tumor-specific changes in the mtDNA copy number have been reported in human cancers. 12, [15] [16] [17] [18] [19] [20] Additionally, mtDNA dimers 21 and mtDNA mutations in mitochondrial genes have been found in patients with leukemia, lung cancer, renal cell carcinoma, hepatocellular carcinoma, breast cancer and ovarian cancer. 2, 3, 13 Interactions between proteins encoded by mitochondrial and nuclear genomes play critical roles in cellular function. Studies show that mitochondrial dysfunction induces changes in the expression of nuclear genes involved in cellular signaling, metabolism, growth and differentiation and apoptosis. 22
Inherited mtDNA Mutations and Predisposition to Cancer
mtDNA is maternally inherited and genetic differences in mtDNA modulate the assembly of OXPHOS complexes and regulate its function. 3, 23, 24 Recent studies have identified an increasing number of cancers associated with various mtDNA haplogroups within the human population. Tanaka's group analyzed a population with 1,503 autopsied cases and identified genotypes for 149 polymorphisms within the coding region of the mitochondrial genome. Haplogroups were classified into 30 haplotypes. Subjects with the haplogroup M7b2 showed an increased risk for hematopoietic cancer. Results also indicated that haplogroup M7b2 is a risk factor for leukemia. 25, 26 Booker et al. determined an association of U haplogroup with prostate and renal cancers. 27 Patients carrying the U haplogroup were found to have an increased risk of renal and prostate cancer. Bai et al. analyzed mtDNA polymorphisms in European-American females and reported that A10398G and T16519C mitochondria involved in the regulation of these complex processes remains elusive. These collectively include SAM, 54 ATP (adenosine triphosphate) citrate lyase (ACL), Acetyl-CoA, 62 flavin adenine dinucleotide (FAD), 63 and lysine-specific demethylase 1 (LSD1). 64, 65 Understanding the influence these factors have on epigenetic states of nuclear genomic DNA and signaling pathways could help identify roles bioenergetics, biogenesis and the mitochondria might have in regulating epigenetic modifications within the nuclear genome. 55
Co-factors Synthesized in the Mitochondria Regulate Chromatin Dynamics within the Nuclear Genome
The dynamic nature and plasticity associated with higher order chromatin structure renders a particular region of the nuclear genome either active or inactive in a tissue-specific manner. Catalysis of covalently modified histone tails at their N-terminals by histone acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), histone demethylases (HDMATs) or histone chaperones facilitates the dynamic rearrangement of particular loci rendering them loosely packed or highly compacted. 66 These covalent modifications occurring primarily at histone tails include methylation, acetylation, ubiquitination and phosphorylation. [67] [68] [69] [70] [71] Deciphering the roles catalytic factors have in the active de/methylation or de/acetylation of histone tails could identify new co-factors associated with these highly dynamic metabolic reactions. Acetylation of histone tails primarily occurs on lysine residues; however, methylation occurs on both lysine (K) and arginine (R) residues. 70 Monomethylation and trimethylation of histone H3 at lysine 4 (H3K4me1, H3K4me3) is associated with actively transcribed regions, whereas histone 3 trimethylated at lysine 27 (H3K27me3) is associated with transcriptionally silent regions within the compartmentalized nuclear genome. 68, 72 Classical metabolic reactions such as amine oxidation and hydroxylation have significant and active roles in the processes of histone demethylation, including the modification of histone 3 mono-methylated at lysine 4 (H3K4me1). 73 These reactions involved in the dynamic alteration of histones allow targeting sequence, upstream of the gene's transcription start site within the nuclear encoded gene. Alterations in mtDNMT1 directly affected transcription from the light and heavy strands of mtDNA suggesting a correlation between 5-hmC and 5-mC mediated transcriptional regulation of mtDNA by a nuclear encoded gene. These findings provide new evidence implicating epigenetic regulation of the mitochondrial genome by nuclear encoded translocated mtDNMT1 relative to mitochondrial dysfunction.
Regulation of Genomic DNA Methylation and Chromatin Structure Associated with the Mitochondria
Hypermethylation of CpG dinucleotides present within CpG islands (CG-rich regions) at promoter regions of genes, 48, 49 CpG island shores (CG-rich regions near CpG islands), 50 and non-coding regions within the human genome, including genes coding for microRNAs, [51] [52] [53] are known to positively associate with their downregulation. In vertebrates, DNA methyltransferases (Dnmt1, Dnmt3A, Dnmt3B and Dnmt3L) catalyze the methylation of cytosine residues at their carbon five positions by the transfer of a methyl group (CH 3 ) from S-adenosyl methionine (SAM-CH 3 or AdoMet) to S-adenosylhomocysteine (SAH), which acts as a donor. [54] [55] [56] Mitochondrial dysfunction could cause alterations in redox (reduced oxygen) reactions and SAM-CH 3 production in the cell, leading to perturbed methylation of nuclear encoded genomic DNA (Fig. 1) .
A host of factors are recruited to these regions including the methyl CpG binding proteins (e.g., MeCP2) and methyl binding domain proteins (MBDs) that help maintain the repressive state. Hypermethylation of otherwise unmethylated regions or vice versa has been shown to arise de novo in certain types of cancers. [57] [58] [59] [60] In addition to the perturbed state of genomic DNA methylation, alterations at the level of chromatin structure associated with covalent modifications of histone tails has also been documented in cancer. 61 The level of cross talk between DNA methylation and chromatin state are beginning to be identified. An understanding of factors, co-factors and enzymes generated both outside and inside the nucleus and within the increased risk of breast cancer in european-American women G10398A induces Complex i activity and increased rOS production of the NuRD (Nucleosome Remodeling and Deacetylase) complex. 65 The process of H3K4me2 demethylation catalyzed by LSD1 utilizes the classical amine oxidation reaction and FAD as a co-factor 63 ( Fig. 2A) . The JmjCdomain proteins (JMJD), another family of histone demethylases, use α-KG and iron (Fe) as co-factors 77 to demethylate the repressive H3K27me3/2 76, 78 (Fig. 2B) . Both FAD and α-KG are known to be synthesized in mammalian mitochondria. 63, 79, 80 Reduced levels of these co-factors due to mitochondrial impairment/dysfunction could have significant effects on regulation of the nuclear genome. This could lead to perturbed demethylation of histone lysine residues catalyzed either by LSD1 or JMJD. Tissue-dependent mitochondrial function established by the transcriptional status of nuclear encoded mitochondrial genes associated with differentially methylated regions (T-DMRs) could also serve to deduce important functional aspects of the mitochondria in different tissues and its perturbed disease states, particularly cancer. 81, 82 
Mitochondria to Nucleus Retrograde Response
Mitochondrial dysfunctions invoke mitochondria-to-nucleus retrograde responses in human cells. 83 Perturbed DNA methylation profiles of certain loci within the human nuclear genome have recently been associated with depleted mitochondrial DNA. for the active transcription or repression of regions within the nuclear genome. 74 Acetylation and methylation of histone tails are dynamic processes regulated by histone de/acetyltransferases, 74, 75 methyltransferases or demethylases. 76 Co-factors, including FAD (Flavin Adenine Dinucleotide), 64 acetyl-CoA 55,62 and α ketoglutarate (α-KG) are associated with the processes of active de/methylation or de/acetylation. Demethylation of covalently modified histones, including H3K4me2 and H3K4me1, is mediated by LSD1 (Lysine-Specific Demethylase 1) a component methylation profile of tissue-dependent differentially methylated regions (T-DMRs) in the tissues that were studied, relative to the transcriptional start site of the gene. 91
Mitochondrial Regulation of Genetic Changes in the Nuclear Genome
Studies suggest that retrograde cross-talk between mitochondria and nucleus plays an important role in tumorigenesis. Cybrid studies have revealed marked changes in the cellular proteome, including quantitative changes in the expression of several proteins in breast and ovarian tumors, which suggest that retrograde responsive genes may potentially function as tumor suppressors or oncogenes. 19 We determined human rho 0 cells to have a reduced rate of repair of oxidative DNA damage, and have increased frequencies of mutation within the nuclear genome. 92, 93 The mitochondriamediated mutator phenotype detected in yeast rho 0 cells can be suppressed by inactivating subunits of the error-prone DNA repair. Error-prone repair polymerases are involved in the bypass of several types of DNA lesions that have the potential to inhibit chromosome replication. 93 Therefore, one interpretation of our findings is that mitochondrial dysfunction limits or decreases nuclear DNA repair, resulting in unrepaired DNA lesions, which are subsequently converted into mutations by error-prone repair. Another explanation for the mutator phenotype observed in rho 0 cells is that mitochondrial dysfunction generates excessive DNA damage that is converted into mutations by error-prone repair polymerases. Increased error-prone bypass of DNA lesions has been suggested to be characteristic of imbalanced dNTP pools. 94 Imbalance of these dNTP pools has been shown to induce base substitutions as well as frame-shift mutations. 95 Furthermore, imbalance of the dNTP pools causes delay in the progression of the DNA replication fork and enhances fragile sites where chromosomes are susceptible to breakage. Consequently, imbalance of the dNTP pools can promote chromosome rearrangement, breakage and loss. [96] [97] [98] DNA mutations may activate proto-oncogenes and/or inactivate tumor suppressor genes, leading to genomic instability, which plays an important role in development of human cancer. In this regard, it is noteworthy that POLG encoding mtDNA polymerase γ, (a nuclear-encoded gene involved in the maintenance of the mitochondrial genome), is involved in development of cancer. Mutations in polymerase γ, the major mtDNA polymerase, have been associated with breast cancer. 2 Both in vitro and in vivo studies have shown that mutations in the exonuclease domain of polymerase γ lead to the accumulation of mitochondrial mutations, while mutations in the polymerase domain lead to the depletion of mtDNA. 2, 99 Interestingly the POLG promoter contains a CpG island and is regulated by changes in methylation. 5
A Role for "Mitocheckpoint" in Pathogenesis of Human Diseases
The functional state of mitochondria in human cells and the response to spontaneous or induced mtDNA or mitochondrial Smiraglia et al. 5 developed and studied cells that were void of functional mitochondria (rho 0 cells), enabling them to gain an insight into the possible role mitochondria might have in regulating or being associated with epigenetic alterations of the nuclear genome in a gene specific or genome-wide manner, particularly at the level of DNA methylation. Depletion of the mitochondrial genome in both chemically generated MCF12A rho 0 or genetically modified 143B rho 0 cell lines resulted in the aberrant methylation of promoter CpG islands (high CG-rich regions), 84 that were previously unmethylated in the parental cell line, 5 measured using restriction landmark genomic scanning (RLGS). 85 The genetically altered 143B rho 0 cell line showed a complete alteration in the methylation profile of the regions studied. One of the regions looked at further in this study was the aberrant promoter methylation of the BC030713 mRNA transcript that had been previously identified using RLGS. 5, 85 The study showed that the 5' UTR comprising a CpG island was partially hypo/unmethylated in 143B rho 0 compared with the parental cell line that was completely hypermethylated at this region. The study concluded that this partial loss of genomic DNA methylation could be associated with the loss of mitochondrial DNA (mtDNA) and the mitochondria itself; 5 however, it does not disqualify a perturbed genome-wide methylation profile. Repletion of wild-type mitochondria back into these 143B rho 0 (mtDNA deficient cells) resulted in the partial re-establishment of some methylation profiles back to their original parental state. Although one cannot rule out the effect other factors might have on maintaining the state of DNA methylation, this study provided an interesting insight into the possible role mitochondria might have in establishing or maintaining genomic (nuclear) DNA methylation. However, more evidence is needed to decipher the specific factors and co-factors affected by this loss in order to establish the direct or indirect relationship they might have in affecting the epigenetic profile at the level of genomic DNA methylation or chromatin structure. Cross-talk between the nucleus and the mitochondria could have significant implications in aging and cancer, where DNMT1 activity is known to be perturbed. 86, 87 Mitochondrial dysfunction has been associated with the occurrence of certain cancers 5, 88, 89 and neurodegenerative disorders, 80 including Alzheimer disease. 90 Increasing evidence has shown there to be an interdependent relationship between the mitochondria and the nuclear genome, including DNA methylation in both the nucleus and the mitochondrial matrix. 5, 6, 33, 89 An understanding of the role these factors might have in regulating nuclear DNA encoded mitochondrial genes is of keen interest. Takasugi et al. looked at the possibility of epigenetic regulatory mechanisms affecting the transcriptional control of nuclear genomic DNA encoded mitochondrial proteins. They used a systematic approach to identify the presence of differentially methylated regions within nuclear encoded mitochondrial genes in a tissue-dependent manner in mouse tissue obtained from the cerebellum, liver and heart. 91 The study identified the presence of differentially methylated regions in 636 out of 899 nuclear encoded mitochondrial genes, which are known to have functional roles related to the mitochondria, in a tissue-specific manner. The study established a direct correlation between the rate of transcriptional gene expression/repression relative to the in various cell types provide in vivo evidence that senescence is a defining feature in premalignant tumors. [103] [104] [105] Cellular senescence limits the capacity to replicate, thus preventing the proliferation of cells. Senescence bypass appears to be an important step in the development of cancer. 106 Our study suggests that an OXPHOS defect in a variety of cell types leads to cellular senescence 101 and senescence bypass induced due to instability of the nuclear genome. 12, 98 We propose that OXPHOS-induced cellular senescence may act as an additional checkpoint mechanism that can function as a tumor suppressor ( Fig. 3) .
Future Perspectives
Finally, we suggest that damage to mitochondria could activate mitocheckpoint, which allows the restoration of mitochondrial function. When mitochondrial damage is severe or persistent, mitocheckpoint can fail and lead to cellular senescence (aging) or development of tumors (tumorigenesis) due to the accumulation of mutations or epigenetic modifications in mitochondrial or nuclear genomes. The mitocheckpoint may share characteristics of a signal-transduction pathway and may contain components such as damage/dysfunction sensors, mediators, signal-transducers and effectors. Sensor protein(s) may recognize damage to the mitochondria and mediators could signal the presence of damaged mitochondria and initiate biochemical cascade(s). Transducers are likely to be protein kinases that can relay and amplify the signal. Effectors may include transcription factors, 12 involved in regulation of cell cycle, DNA repair and apoptosis. Identifying the epigenetic profile of tissue-dependent differentially methylated regions of genes and their possible perturbed state in mitochondrial diseases, 107 neurological disorders 79, 80, 90 and cancers 6 could further our understanding of the pathogenesis of complex human diseases due to defective mitochondria. 19 
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This work was supported in part by a National Institutes of Health RO1 CA121904 and 113655 (K.K.S.). S.M. is a Marie Curie Early Stage Research (ESR) fellow funded by the Marie Curie Research Training Network, "Chromatin Plasticity" (EU FP6 ). The Wilhelm Johannsen Centre for Functional Genome Research is established by the Danish National Research Foundation, Denmark. damage has been associated with a mitochondrial damage checkpoint (mitocheckpoint). 3, 12, 83, 100 The mitocheckpoint coordinates and maintains the proper balance between apoptotic and anti-apoptotic signals. Upon damage to mitochondria, mitocheckpoint is activated to help repair damage to mitochondria, restore normal mitochondrial function and avoid induction of mitochondria-defective cells. This response may induce changes to the nuclear epigenome. 5 Cross talk between the nucleus and mitochondria of individual cells may lead to a mitochondrial damage response as a result of incurred damage ( Fig. 3) . This could epigenetically alter mtDNA or gDNA expression. 12, 22, 101 If mitochondria are severely damaged, such an event will trigger apoptosis (Fig. 3) . If damage to mitochondria is persistent and defective mitochondria accumulate in the cell, it would lead to instability of the nuclear genome. 12, 19, 93, 98 Accumulated nuclear genome instability may help cells acquire new functions such as resistance to apoptosis, 12,101 migration and invasive characteristics which, in turn, could induce tumorigenesis 12, 102 (Fig. 3) .
Recent studies suggest that cellular senescence provides an important barrier to tumorigenesis. These studies conducted 
